isoenzymes (Verkleij et al., 1986; Castejón-Múñoz et al., 1991) . Later, dominant markers such as RAPDs and ISSRs were used for estimating the genetic diversity of O. cumana populations (Katzir et al., 1996; Gagne et al., 1998 Gagne et al., , 2000 Benharrat et al., 2002; Roman et al., 2002; Ciuca et al., 2004; Atanasova et al., 2005) . In recent years, SSRs have been used more frequently due to their significant characteristics such as codominant inheritance, multiple allele numbers, and high polymorphism levels (Pineda-Martos et al., 2013 , 2014a , 2014b Guchetl et al., 2014a Guchetl et al., , 2014b Martin-Sanz et al., 2016) . In the work of Pineda-Martos et al. (2013) , 50 O. cumana populations from Spain were used for analysis of inter-and intrapopulation diversity with SSR analysis. The genetic recombination between distant populations was observed and it was reported to be an important driving force for race evolution. Pineda-Martos et al. (2014a) studied the genetic diversity and structure of O. cumana populations from Bulgaria and Spain with SSR analysis and reported bidirectional gene flow between studied populations. Jebri et al. (2017) studied genetic diversity of 9 populations from Tunisia with SSR and SNP analysis. Two distinct gene pools of sunflower broomrape populations in Tunisia were reported by Jebri et al. (2017) . PCR-based molecular markers indicated that the intrapopulation diversity of studied broomrape populations was small and also these populations were discriminated according to their geographical origin (Pineda-Martos et al., 2013; Molinero-Ruiz et al., 2014) .
Identification of broomrape races is useful for breeding studies and molecular marker analysis are effective possible ways of gaining knowledge of race types. According to the reviewed literature, there is no previous study about genetic diversity and characterization of Turkey's O. cumana populations with SSR primers, except a study by Pineda-Martos et al. (2014b) that included two populations from Turkey. The main purpose of our study was to identify the genetic structure of six O. cumana populations from the Thrace region of Turkey via SSRs. The study is important in terms of testing the presence of findings that may indicate the formation of a new race in O. cumana populations of the Thrace region.
Materials and methods

Plant materials
Seeds from six different O. cumana populations were collected from 2011 to 2013 in sunflower fields of the Tekirdağ, Edirne, and Kırklareli provinces of the Thrace region. Geographic locations and coordinates of different sunflower fields in which O. cumana seeds were collected are given in Figure 1 . Bulked seeds belonging to each population were stored at 4 °C. Orobanche cumana populations were propagated in 2016 on plants of the sunflower (H. annuus) cultivar Özdemirbey. Multiplication of O. cumana populations and tissue collection were performed as described by Pineda-Martos et al. (2013) . Fresh tissue samples from 20 individuals belonging to each population were collected before flowering began and they were stored at -20 °C until DNA extraction. 2.2. DNA extraction from O. cumana individuals DNA isolation was performed with the plant tissues from 20 individuals per population. Each tissue sample was ground using a ball mill (Retsch MM400). Doyle and Doyle's (1990) CTAB-based DNA extraction method was used with some modifications for genomic DNA isolation. The quantification and qualification of isolated DNAs was performed as described by Elibol and Bilgen (2017) . The DNA samples were diluted to 10 ng/μL and preserved at -80 °C until PCR analysis.
SSR analysis
Eight SSRs were chosen from 15 high-quality polymorphic SSR primers developed by Pineda-Martos et al. (2013) and these primers were used for the molecular characterization of O. cumana populations. The characteristics of the selected primers are indicated in Table 1 . The PCR amplifications were performed as described by Pineda-Martos et al. (2013) using the Applied Biosystems ProFlex PCR System Thermal Cycler. PCR products were controlled by 2% agarose gel electrophoresis (1X TBE buffer, 100 V, 1 h). Gel Imaging System Vilber Lourmat Quantum ST5 was used to visualize the agarose gels. The DNA fragment analysis and determination of allele sizes were performed as described by Elibol and Bilgen (2017) .
Data analysis
For each SSR locus, observed allele size range (bp) and observed allele number were determined. In statistical analysis of SSR data, allele and genotype frequencies, allele numbers (N a ), effective allele numbers (N e ), total private alleles observed (N pa ), Shannon's information index (I), heterozygosity levels (H o and H e ), fixation index (F), and polymorphic information contents (PIC) were estimated via the software programs POP GENE Version 1.31 (Yeh et al., 1999) and GenAlEx Version 6.3 (Peakall and Smouse, 2006) . Analysis of molecular variance (AMOVA) was carried out with the help of GenAlEx Version 6.3 (Peakall and Smouse, 2006 ) to estimate the genetic diversity level within and among populations and the significance of AMOVA results was evaluated with 1000 permutations of the acquired SSR data. Nei's unbiased genetic distance measure (Nei, 1987) was used to estimate genetic relationships among populations. Cluster analysis according to Nei's genetic distance matrix was done with the unweighted pair group method (UPGMA). An UPGMA phenogram was constructed with Molecular Evolutionary Genetics Analysis Version 6.0 (MEGA6) software (Tamura et al., 2013) . Bayesian model-based cluster analysis was performed for SSR data to determine gene pools of analyzed broomrape populations using STRUCTURE Ver. 2.3.4 software (Pritchard et al., 2000) as described by Elibol and Bilgen (2017) .
Results
Polymorphism levels among six O. cumana populations collected from the Thrace region of Turkey were determined using eight SSRs (Table 1) . A total of 23 alleles (mean value = 2.271 alleles/population and locus) were determined. Evaluating the six broomrape populations, Ocum-81 has the highest number of alleles (6 alleles), and the other SSR loci have 2 or 3 alleles (Table 1) . Table  2 shows genetic diversity parameters estimated by eight SSR loci in the studied O. cumana populations. In order to determine how informative the selected SSR markers were, PIC values were estimated. All studied SSR markers were (Tables 2 and 3 ). The level of observed heterozygosity was lower than the expected level, and this caused a positive mean inbreeding coefficient (F IS = 0.368) ( Table 3 ). The deficit of heterozygotes within populations (F IS ) across all the loci ranged from -0.019 to 0.675 and the fixation index of each locus (F ST values) ranged from 0.151 to 0.551 (Table 3) . Nei's (1987) genetic distance coefficients were estimated [ranged from 0.065 (P4-P6) to 0.439 (P3-P5)] among all possible population pairs for SSR data ( Figure 2) . As a result of AMOVA, a high percentage (66%) of genetic diversity was due to differences within populations (Table  4) . Thus, genetic diversity among populations accounted for 34% of the total diversity (Table 4 ). The UPGMA tree for SSRs according to Nei's genetic distance is shown in Figure 2 . The phenogram indicated that there were two main clusters, where cluster I grouped four populations from Edirne (P1 and P6) and Kırklareli (P3 and P4) and cluster II grouped two Tekirdağ populations (P2 and P5). The determination of the ideal number of groups present in the studied O. cumana populations was done with the graph of delta K values (Figure 3) . Bayesian-based analysis of the populations from the Thrace region of Turkey with STRUCTURE analysis performed for six populations using SSRs demonstrated two main genetic clusters for K value of 2 (optimum K) and K value of 3 (the closest to 2) (Figures 4 and 5) , as in the UPGMA tree (Figure 2) . In Figure 4 , each column represents an individual belonging to specific population; two colors (red and green) denote a population cluster. STRUCTURE analysis has shown the *N = mean sample size, P PL = polymorphic loci (%), N a = mean number of alleles per locus, N e = effective number of alleles, N pa = total number of private alleles observed, I = Shannon's information index, H o = observed heterozygosity, H e = expected heterozygosity (Nei 1987) , F = fixation index, ± standard errors in parentheses.
existence of two gene pools. The groups are represented by different colors (red, green, and blue) in the K = 3 grouping of populations ( Figure 5 ).
Discussion
Understanding the genetic structure and genetic diversity of O. cumana populations, race evolution, and how different populations can interact with each other has significant value in gaining knowledge about its interaction with sunflower. There are limited studies about the genetic diversity of O. cumana populations with molecular markers at a global scale. Determination of among-and withinpopulation genetic diversity levels of studied populations and comparison of acquired information about genetic diversity with the other studies in the literature were achieved in this study. In our study, all studied SSRs were polymorphic. In comparison with other studies, PinedaMartos et al. (2013) reported that 15 SSR loci (eight of these SSRs were the same as in our study) were polymorphic in 50 populations of O. cumana from Spain. Guchetl et al. (2014a Guchetl et al. ( , 2014b ) studied populations from Romania, Russia, and Kazakhstan with 9 SSR loci (7 of these SSRs same with showed that these differences are due to both the used marker system and the different geographical origins of the studied populations. A total of 23 alleles belonging to eight SSR loci were determined in our study. Pineda-Martos et al. (2013) detected 19 alleles (2 to 3 alleles/locus) for the same SSR loci as in our study. In the work of Guchetl et al. (2014a Guchetl et al. ( , 2014b , 17 alleles (2 to 4 alleles per locus) were detected for the same SSR loci, except Ocum-160, with our study. The results of band sizes and allele numbers of SSRs in various studies conducted with different O. cumana populations in the literature and in this study are consistent with each other. One of the most basic measures of genetic diversity in the studied SSR loci is the identification of allelic richness and private alleles. Three private alleles belonging to three different populations (1 private allele per population) were determined in our study. Pineda-Martos et al. (2014a) also found 1 private allele in only one population from Bulgaria. The genetic diversity within a population is relatively high (mean I = 0.547) in this study. Pineda-Martos et al. (2014a) reported the I value for O. cumana populations from Bulgaria collected on wild hosts and on the sunflower as 0.299 and 0.099, respectively. Founder effect in small populations, low frequency of some alleles (i.e. rare alleles), or disappearance of some alleles in the population may be the main reasons for low genetic diversity and a narrower genetic pool. In the work of Guchetl et al. (2014a Guchetl et al. ( , 2014b , a high I value was determined for populations from Russia and Kazakhstan, whereas populations from Romania had a very low I value (0.05).
The natural dispersal range of O. cumana extends from Central Asia to southeast Europe and it especially infects Artemisia species. Towards the end of the 19th century, however, O. cumana infection began on sunflower in Russia after the increase of sunflower cultivation (Pineda-Martos et al., 2013) . It is not yet known whether the infection on sunflower started by means of natural ability possessed by the broomrape or from a genotype of broomrape carrying mutations. Previous studies showed that populations from Russia and neighboring countries may have higher genetic diversity due to the intensive dispersal of seed from these regions.
Nei's (1987) overall average observed heterozygosity (H o = 0.207) was relatively lower than the average expected heterozygosity level (H e = 0.349) in the studied O. cumana populations. The observed heterozygosity value being lower than the expected heterozygosity shows a departure from Hardy-Weinberg equilibrium and a possibility of inbreeding in the populations. Pineda-Martos et al. (2013) reported a low level of H o (0.00 to 0.09) in four populations from Spain, which are genetically distant from the main genetic pools. They also reported higher H e values in these populations (0.12 to 0.49). Pineda-Martos et al. (2014a) reported similar results in terms of heterozygosity levels in populations of O. cumana from Spain and Bulgaria. It has been reported that the analyzed SSR loci have a significant level of heterozygote deficiency, and the main reasons for this are a higher fixation index and selfing rate value. Guchetl et al. (2014a Guchetl et al. ( , 2014b ) indicated higher heterozygosity in populations from Russia and Kazakhstan than populations from Romania. It is emphasized that geographic distance, different soil types, and climatic conditions might affect the level of heterozygosity in these populations. Gene flow (N m ) is one of the important factors affecting the distribution of genetic diversity both within and between populations. When all populations are evaluated together using F ST values in this study, the N m value is calculated as 1.741 in each generation. The low level of gene flow among populations is one of the reasons for the decrease in the genetic variation of the populations.
According to AMOVA results for SSR data, 34% of the total genetic diversity might be assigned to among-population differences and the remaining part to intrapopulation variation. Molinero-Ruiz et al. (2014) obtained 60% genetic variation among countries (populations from Spain, Hungary, and Turkey) and also indicated 87% within-population variation in five Turkish populations (from Tekirdağ and Kırklareli) by using RAPD analysis. Their pairwise AMOVA results showed that among-population variation increased with the increase of geographic distance. In a study by Pineda-Martos et al. (2013) , populations in the main genetic pool had 100% of the genetic variation among populations, whereas other populations distant from the main genetic pool had 31.8% of the genetic variability among populations. Pineda-Martos et al. (2014a) also utilized AMOVA for populations from Bulgaria collected on wild hosts; they reported that 53.64% of the variation was due to amongpopulation variations. They also evaluated all populations collected on wild hosts and on sunflower together and found that 59.54% of the genetic variability was due to among-population variations as well. Guchetl et al. (2014a Guchetl et al. ( , 2014b reported that a rather high proportion of the genetic diversity (78%) was due to within-population variation and the remaining part was due to variation between populations. Jebri et al. (2017) reported greater differences within populations (76.65% of total variance) than differences between populations (25.35%). In another study performed with O. cumana populations from Spain, Romania, Bulgaria, and Turkey via RAPD analysis, a low level of within-population diversity due to a low level of gene flow from various geographic distances resulting from self-pollination was reported (Gagne et al., 1998) .
According to the acquired UPGMA dendrogram and STRUCTURE analysis, our studied six populations can be divided into two main clusters. The Edirne and Kırklareli populations were in cluster I and the Tekirdağ populations were in cluster II. In the studies of Guchetl et al. (2014a Guchetl et al. ( , 2014b , two well-differentiated clusters were obtained: cluster I grouped populations from Russia and Kazakhstan, whereas cluster II combined populations from different regions of Romania. High levels of intrapopulation diversity and populations from Russia and Kazakhstan being in the same cluster were explained by genetic diversity and similarity of open-pollinated sunflower varieties that were cultivated since Soviet times. Molinero-Ruiz et al. (2014) reported that populations from close geographic regions grouped in the same cluster according to the geographic origin as in north and south Spanish O. cumana populations. Pineda-Martos et al. (2014b) indicated that cluster formation depends on the geographic origin and parasitized host types, and SSR markers had a high discriminating ability for O. cumana cluster analysis.
Parasitic plant populations with high genetic diversity have the ability to infect plants by overcoming the host resistance mechanism. For sustainable and longterm breeding programs aimed at improving resistance mechanisms of host plants such as sunflower against parasitic weeds such as Orobanche species, it is of great importance to determine the level of genetic diversity among and within the parasitic plant populations (Kaya, 2003) , and also finding new resistance sources to diseases or parasites and increasing genetic variation of the cultivated sunflower is significant for sunflower breeders (Atlagic and Terzic, 2016) . In addition, studies to determine the genetic diversity of parasitic biotypes in natural or agricultural areas are significant to understand the evolutionary mechanism of how wild parasitic plants transform to an agricultural plant infecting crops. The information gained from this study will provide important contributions to new studies about the genetic structure and diversity, and the evolution of the formation of new races, which will be carried out in O. cumana and close relatives.
In conclusion, the determination of the genetic structure and also the presence of private alleles in some of the studied populations as a result of SSR analysis might indicate the formation of new races of broomrape; therefore, genetic marker analysis and phenotypic studies such as the determination of race in the populations in the Thrace region should be planned in the future. To understand and discover the genetic diversity, dispersal, and evolutionary mechanisms of race formation in O. cumana and close relative species as a global concept, further studies to be conducted to confirm race evolution in broomrape populations by sampling from all areas within the dispersal area will be useful for scientific researchers.
